[1] Cold shelf waters flowing out of the Filchner Depression in the southern Weddell Sea make a significant contribution to the production of Weddell Sea Bottom Water (WSBW), a precursor to Antarctic Bottom Water (AABW). We use all available current meter records from the region to calculate the flux of cold water (<À1.9°C) over the sill at the northern end of the Filchner Depression (1.6 ± 0.5 Sv), and to determine its fate. The estimated fluxes and mixing rates imply a rate of WSBW formation (referenced to À0.8°C) of 4.3 ± 1.4 Sv. We identify three pathways for the cold shelf waters to enter the deep Weddell Sea circulation. One path involves flow constrained to follow the shelf break. The other two paths are down the continental slope, resulting from the cold dense water being steered northward by prominent ridges that cross the continental slope near 36°W and 37°W. Mooring data indicate that the deep plumes can retain their core characteristics to depths greater than 2000 m. Probably aided by thermobaricity, the plume water at this depth can flow at a speed approaching 1 m s À1 , implying that the flow is occasionally supercritical. We postulate that such supercriticality acts to limit mixing between the plume and its environment. The transition from supercritical to slower, more uniform flow is associated with very efficient mixing, probably as a result of hydraulic jumps.
Introduction
[2] Cold, dense and oxygenated Antarctic Bottom Water (AABW) is one of the Antarctic's most important exports. Production of AABW is routinely cited as being one of the drivers of the global thermohaline circulation (GTHC) and its influence on the properties of the World Ocean is widely accepted. Understanding the mechanisms for the production of AABW, and any sensitivity in those mechanisms to past or future climate change, is therefore important if we are to understand the controls on the GTHC. More than half of the total flux of AABW is believed to have its origins in the Weddell Sea [Orsi et al., 1999] .
[3] In today's climatic regime the majority of AABW production begins with the formation of High Salinity Shelf Water (HSSW) in Antarctica's marginal seas. HSSW is a by-product of sea-ice formation over many of the broader portions of the Antarctic continental shelf. One of the acknowledged hot spots for the production of HSSW is the western and southern margin of the Weddell Sea (Figure 1) . A combination of winds blowing from the Filchner-Ronne Ice Shelf and tidal divergence at its seaward boundary maintains latent heat polynyas along the ice front for most of the year [Foldvik et al., 2001; Renfrew et al., 2002] . Intense heat loss from these polynyas, and also through leads in the pack ice over the continental shelf to the north, results in high rates of sea-ice production and HSSW formation. There are various pathways by which the HSSW can arrive in the deep Weddell Sea as Weddell Sea Bottom Water (WSBW), the Weddell Sea's precursor to AABW. One such pathway involves circulation in the ocean cavity beneath Filchner-Ronne Ice Shelf [Foldvik and Gammelsrød, 1988; Nicholls et al., 2001] .
[4] Although HSSW has a temperature close to the freezing point at the surface (À1.9°C) the depression of the freezing point of seawater with an increase in pressure means that, even at À1.9°C, HSSW retains the capacity to melt ice at depth. At the base of an ice shelf with a draft of 1500 m, for example, the freezing point is about À3.0°C [Millero, 1978] , over a degree lower than the temperature of any HSSW that flows into the sub-ice shelf cavity. The interaction with the ice shelf causes HSSW to be cooled further and slightly diluted to form Ice Shelf Water (ISW, defined as water with potential temperature below its surface freezing point, $ À1.9°C), which is observed to flow out from beneath Filchner Ice Shelf at mid-water depths and at potential temperatures as low as À2.3°C [e.g., Gammelsrød et al., 1994] .
[5] The ISW that finally escapes the Filchner Depression (Figure 1 ) descends the continental slope north of Filchner Ice Shelf. Here cross-slope advection by high-frequency processes such as tides [Middelton et al., 1987; and shelf waves [Middelton et al.,1982] in addition to local wind conditions and the strength and location of the Antarctic Slope Front may determine whether the cold plumes remain near the shelf break or rapidly sink west of the sill. It will be shown that the fate of the cold plumes also depends on two prominent ridges that act to steer the flows toward the north, aided by the thermobaric effect [Killworth, 1977] . The cold plumes ultimately contribute to the formation of WSBW by mixing with overlying Weddell Deep Water (WDW).
[6] WSBW derived from ISW has properties that differ from WSBW formed with no direct participation of ice shelves [Gordon, 1998; Mensch et al., 1998; Schlosser et al., 1990] . The properties of the AABW ultimately formed from WSBW are therefore sensitive to the nature and volume flux of the ISW-derived component. Since the 1970s there have been several attempts to assess the contribution made by Filchner-Ronne ISW to the WSBW budget. Many recent mooring programs and cruises to the southern Weddell Sea have significantly increased the available data in this region.
[7] The primary purpose of the present study was to estimate the contribution of Filchner-Ronne ISW to WSBW production in the southern Weddell Sea, drawing on all available data. These data include hitherto unpublished time series of currents, temperature and salinity. The time series are up to 30 months in length and are from various moorings deployed over a 31-year period. In the following section we summarize the available data; in section 3 we describe the basic characteristics of the distribution of plumes of cold water in different years, and their fundamental characteristics of temperature and velocity. In section 4 we quantify the volume flux of cold water flowing out of the Filchner Depression, and in section 5 we use mixing relationships to estimate the associated production rate of WSBW. We conclude with a discussion and summary in section 6.
Data, Instruments and Methods
[8] We present results from 20 current meter moorings that have been deployed in the study area at various times between 1968 and 1999. The moorings are described in Table 1 , and their locations shown in Figure 1 . Note that moorings were deployed at position S2 on three different occasions. Aanderaa current meters (models RCM4, RCM5, RCM7 and RCM8) were used on the moorings, 44 instruments in total. The accuracy of the individual speed and direction measurements is ±1 cm s À1 and ±5°, respectively. Systematic errors may occur at very low speeds (<1cm s À1 ), but as the speeds in the present time series are always well above this threshold level we assume errors from this source to be negligible. The observation depths, average velocity components and potential temperatures, together with their standard deviations, are given in Table 2 .
[9] For the purpose of error estimates the RCM time series were de-tided and assumed to be first order autoregressive processes. The degrees of freedom (M) were determined by the time taken for the autocorrelation function to fall to 1/e (usually about 5 days). The standard error was obtained by dividing the standard deviations (Table 2) by p M. This error was then combined with other sources of error (width and height of plume) to produce the final error estimates for the transports.
[10] The F1-F4 moorings also carried Seabird Micro-CAT (SBE-37) conductivity-temperature (CT) sensors at a height of 9 m above bottom (mab). The average results for those are given in Table 3 . Tables 2 and 3 show that the MicroCAT temperature sensors agree well (0.04°C or better) with the temperature sensors mounted on current meters at the same positions on the moorings. The accuracy of the MicroCAT sensors is <0.01°C for temperature and <0.004 S m À1 for conductivity.
[11] The compass at the lowermost current meter at mooring F2 (10 mab) functioned for a 10-day period only. The average current values given in Table 2 are based on this period. During this 10-day period the directions given by the 10 mab instrument and the 56 mab instrument differed by only a few degrees at most. We have therefore reconstructed the 10 mab current vectors for the entire observation period using the observed speed together with the current direction from the 56 mab instrument above. It is this reconstructed record that is used in the transport calculations (section 4). If we assume that the error introduced by this procedure corresponds to the observed differences in direction between 10 mab and 56 mab at F1 then the error in the mean normal component 10 mab at F2 is at most 3%. At mooring F3 the current meter at 10 mab did not work at all. Assuming the same strong correlation between the currents at 10 mab and 56 mab for F3 as we see for F2, we synthesized the velocity at 10 mab on F3 from the F3 current meter record at 56 mab using linear regression. The temperature record from the F3 MicroCAT at 9 mab was used. We assume the error in the transport estimate from F3 at 10 mab to be similar to that from F2 at 10 mab, about 3%.
[12] The CTD temperatures presented here were obtained using a Neil Brown system in 1985 and 1990 on board ''RV Andenes'', and a Seabird system in 1999 on board ''FS Polarstern''. Typically the errors are within ±0.005°C.
[13] Throughout this paper salinities are measured on the Practical Salinity Scale 1978 [United Nations Educational, Scientific and Cultural Organization (UNESCO), 1981].
[14] The measurements presented here were obtained over a period of 30 years. It is therefore possible that direct comparison of the records might be compromised by interannual variability. For the most part we have assumed this part of the variability can be ignored, but we will discuss and justify this assumption in section 6.
Characteristics of the Filchner Overflow

Average Currents and Temperatures
[15] The average current velocities from the instruments on each mooring are shown in Figure 2 and Table 2 . The deepest instruments are usually located at 10 mab or 25 mab (see Table 2 ). The average potential temperatures of the deepest instruments are also shown in Figure 2 . Note that for several moorings near the sill of the Filchner Depression (the S and FR moorings) the average potential temperature is below the 1977, 1985 and 1987 . The flow has a mean northward component at positions S2 and S3 slightly north of the sill, and at FR1 south of the sill. At FR2 and at ''S3'', however, the flow is deflected slightly southward as a result of local topography. Table 2 ).
[16] Further west, at the ''F-section'' across the slope, we note high velocities at F1 with an average speed >50 cm s À1 at 56 mab. The average speeds at 56 mab at F2 and F3 are also high, 19 cm s À1 and 16 cm s À1 respectively, while at F4 the average speed is 6.3 cm s À1 . At F1 there is a bottom layer more than 200 m thick with an average potential temperature <À1°C (see Table 2 ). The lowest average bottom potential temperature on the section, <À1.6°C, is found at F2. At 56 mab at F3 the average potential temperature is below À1.5°C, while the bottom layer at F4 is warmer, À0.5°C. Mooring F, positioned 34 km along the slope to the west of F1 and in water almost 180 m shallower (Figure 2 ), recorded an average speed of 20 cm s
À1
, which is smaller than but comparable to that recorded by the upper F-section moorings. Even further west, at upper-slope moorings B1-B3 and C, the current speeds are much lower ($6 cm s À1 ).
[17] Further down-slope, at station D1 (2100 m depth), we again find high average velocities, $36 cm s
. Here the flow is northeastward, presumably diverted along isobaths by the ridge west of the D1 mooring. Even this far down the slope D1 instruments recorded an average potential temperature <À1°C. Mooring A, at $39°W near the 1900 m isobath $100 km west of D1, recorded an average current speed of $9 cm s-1 and a markedly lower average potential temperature (À1.37°C).
Temperature Variability
[18] Frequency distributions of potential temperature are highly informative about the water masses and mixing processes on the slope. Below we give a detailed description of these plots (shown in Figure 3 ), focusing on the instruments closest to the bottom.
Filchner Depression and Sill
[19] The FR1 and FR2 moorings south of the Filchner Depression sill, and the S2 and S3 moorings at the sill recorded ISW most of the time and only small temperature variance. The histograms for FR1 and S2 are shown in Figure 3 .
Continental Slope, F1 --F4
[20] At mooring F1, located on the shelf break $80 km west of S2 and only about 100 m deeper, the situation is quite different (Figure 3 ). The variance in temperature is large, with a sharp lower cut-off (À2.0°C) set by the potential temperature of the coldest ISW flowing over the sill, and a maximum potential temperature determined by the ambient WDW/ MWDW at the depth of the instrument (0.5°C at 10 mab).
[21] At mooring F2 the average bottom potential temperature (À1.6°C) was distinctly lower than at F1, and water close to the freezing point was sometimes seen even at 433 mab (not shown). There is a sharp lower cut-off with a marked frequency peak at 10 mab but no upper cut-off, indicating less interaction of the cold plumes with the overlying WDW than at F1. The temperature variability at the F3 mooring is similar to F2, whereas the F4 mooring is dominated by the WDW and shows only a weak contribution from the plume waters.
Deep Moorings
[22] Potentially super-cooled waters were occasionally observed at D1 (2100 m depth) and D2 (1800 m depth) on the continental slope, showing that plumes of ISW can sometimes reach these depths almost without mixing ( Figure 3 ). The peak in the distribution of T near 0°C at D2 suggests the frequent presence of unmodified WDW: this peak is missing at D1, further downstream and 300 m deeper than D2. We tentatively interpret this observation as indicating substantial mixing of the plume water and ambient water between these two locations.
[23] Data from mooring A at 1915 m depth and about 100 km further west (Figure 2 ), show, in dramatic contrast to the other deep moorings (D1, D2, F3 and F4) that the cold plume does not reach this location (Figure 3 ), at least in this year. The water at mooring A is well mixed with an average potential temperature À1.37°C at 25 mab and only slightly higher (À1.25°C) at 100 mab, see Table 2 . There is no sign of ISW or WDW at this location.
Continental Shelf West of 38°°W
[24] The B1, B2, B3 moorings are located a few miles apart on the upper slope at 600-660 m depth. The mean potential temperatures here are around À1°C and the plot from the instrument at B2 in Figure 3 shows that the potential temperature rarely drops below À1.9°C. The potential temperature distribution at B2 (and at B1 and B3, not shown) shows little resemblance to the distribution at the F1 mooring, further east and at nearly the same (647 m) depth. The bell-shaped distribution looks more like that at mooring A, indicating that highly efficient mixing processes have taken place, see discussion section 6. The short duration F-mooring (32 days) located between F1and B1 -B3 (see Figure 2) shows the same potential temperature distribution as the B-moorings.
[25] The C-mooring is located at 475 m depth on the shelf south of the B-moorings. The mean speed (4 cm s
À1
) is lower than at B1-B3 and the mean potential temperature is markedly lower ($À1.4°C). The C-record is distinctly different from the B1ÀB3 records, see Figure 3 . The temperature record shows a lower cut-off set by the temperature of HSSW/WW, with a small fraction of ISW.
MicroCAT Q-S Observations at F-Section
[26] The high precision temperature and salinity data from the MicroCATs are shown as scatter plots of q-S in Figure 4 . The MicroCATs are located at the F1-F4 moorings (9 mab), see Figure 2 . Water mass definitions according to Carmack and Foster [1975] , as modified by Grosfeld et al. [2001] , are also shown. The signature of ISW is clearly present at F1, F2, and F3, and covers a rather broad salinity range. The ambient WDW potential temperature at the depth of the MicroCAT at F4 is $0.0°C (see also Figure 3 ) and mixing products of WDW and cold plume water dominate the record in Figure 4 , although even here there are a few recorded samples of unmixed ISW. There appears to be a slight shift toward higher salinity values at the deeper mooring sites, see also Table 3. [27] Figure 4 suggests the occurrence of diapycnal mixing between WDW and ISW-derived, low salinity water types near the freezing point. A 10-day sample of the potential temperature records from the F1-mooring instruments shows rapid alternations between cold and warm periods ( Figure 5 ). Advection past the mooring of a rapidly changing water mass result in a T-S scatter plot implying more mixing than actually occurs.
[28] We do not observe Winter Water (WW) or High Salinity Shelf Water (HSSW) in any of the MicroCAT records from 9 mab on the F1-F4 moorings.
[29] The in situ isopycnal lines are shown in the q-S plot in Figure 4 . It appears that most of the ISW, and the products of mixing between ISW and WDW, are denser than the WDW and thus subject to down-slope buoyancy forcing all the way down the slope to >2000 m depth.
Plume Geometry and Variability
[30] A CTD section obtained during the recovery of the F1-F4 moorings is shown in Figure 6 together with the À1°C isotherm representing a 1-year average from the instrument moorings. In the CTD section the centre of the plume was found between the F2 and F3 moorings with a minimum potential temperature of À1.4°C near the bottom. The À1°C isotherm observed in the CTD section is located a few meters above the bottom and shows significant deviations from the annual mean obtained from the moorings. In fact, the cold plume was almost absent when this CTD section was taken. This is consistent with the nonstationarity of the plume, see Figure 5 . Figure 5 also shows that when the plume is present at mooring F1 (bottom potential temperature <À1°C) it generally appears in a thick (>200 m) cold layer covering all instruments.
Interannual Variability
[31] The current meter observations are usually 1-year records, but some stations have been operated continuously for longer periods (see Table 2 ). Some stations have been repeated, e.g., 3 years at station S2. The average northward , see Table 2 and section 2. We are therefore unable to detect interannual variability in the current on the basis of the S2 data series. The three years of measurements at the S2 site may not, however, be strictly comparable. The 1987 position was located $2 km west of the 1977 and 1985 position, see Table 1 . Because of the strong topographical steering on the sill even small differences in position may cause differences in the current, masking true interannual variations.
[32] The B1, B2 moorings from 1968 were discussed by Foldvik et al. [1985b] who noted the total breakdown at both moorings of the generally dominant diurnal tidal constituents in July 1968. The moorings were replaced by B3 in 1977. The record from B3 showed no collapse of the diurnal tide. On the basis of the temperature records, Foldvik et al. [1985b] speculated that the shelf waters in 1968 were almost homogenized and thus not able to sustain the baroclinic diurnal tide; see also the discussion by Middelton et al. [1987] . There was no significant difference in the average water speed at the B-moorings between 1968 and 1977.
[33] In Figure 7 we have presented one of the longest records available: the series from FR1, south of the Filchner Sill. This record demonstrates that northward flowing ISW occupies the deepest layer (below 232 mab) at all times. The upper instrument (353 mab) shows the influence of intruding MWDW in winter with a corresponding minimum in the northward velocity component. The seasonal differences in the temperature of the ISW are <0.1°C, but the speed varies considerably, with a minimum in winter. The average speed at the lower current meter was 6.8 cm s À1 in 1995 and 7.2 cm s À1 in 1996. Again, the difference between the years is within our estimate of the standard error in the series.
[34] In Figure 8 we also show the potential temperature and salinity records for the MicroCATs on slope moorings F1 -F4 and note the distinct salinity minimum at all moorings in winter. We do not see a similarly clear seasonal signal in the temperature except at F1, which shows a temperature minimum in winter. A direct consequence of the seasonal signal in the salinity of the overflow water is that a corresponding variability would be imprinted on any WSBW formed by mixing between plume water and the overlying MWDW/WDW. With typical deep water velocities of 1 cm s À1 the seasonal variability in salinity would be spread over 300 km.
Transport of Filchner Overflow Waters
[35] Our main motivation for this study was to calculate the rate of formation of WSBW that results from the overflow of cold, dense water from the Filchner region. We use the data sets from the F-section (F1 -F4) and the S-section (S2, S3) to determine the volume flux from the shelf.
Method
[36] In order to compare the transport estimates from different sections all current meter measurements must be referred to a common temperature. The water mass in the S-section is almost undiluted ISW, whereas the F-section shows considerable mixing with MWDW or WDW. We shall assume that all plume water on the slope is formed by the mixing of cold shelf water originally at potential temperature q I with warmer water (WDW or MWDW) of potential temperature q w . A water parcel of temperature q i then consists of R i parts of cold water and (1 À R i ) parts of WDW, where
The flux of dense, cold water converted to potential temperature q I is then v n,i R i where v n,i denotes the observed velocity component normal to the section. Thus the timeaveraged flux of this cold water measured by a current meter (per unit area) becomes
where N denotes the number of observations. The values of q w for the F-section have been obtained from the potential temperature plots in Figure 3 (the high temperature cut-off) and CTD sections. Table 4 lists the values for q w and f n . The calculated fluxes are relatively insensitive to q w : a variation in q w of 0.1°C changes the calculated transport by <2%. For the S-section we have derived q w from CTD sections only. High variability on the shelf makes the determination of q w difficult and somewhat arbitrarily we have put q w = 0.0°C. However, at the S section the temperatures are close to q I and the choice of q w is not important. The results are more sensitive, however, to the reference temperature selected for the cold water. We use a value for q I of À1.9°C, the freezing point of seawater at surface pressure. If this reference temperature had instead been set at À2°C then the flux of cold shelf water would be reduced by approximately 10%. The calculated rate of bottom water production is unaffected by the value of q I .
[37] The flux of cold q = q I water recorded at a current meter mooring (per unit width) then becomes
[38] The vertical integration was carried out using an objective but necessarily arbitrary approach in which each instrument is taken to represent the section of water column from halfway to the instrument below to halfway to the instrument above. For the deepest instrument the integration starts at the bottom, whereas the upper instrument is assumed to represent a water column equal to the distance between the two upper instruments. Note that we have assumed that all plumes are derived from cold shelf water of potential temperature À1.9°C. All plumes with potential temperature below the ambient temperature q w contribute to the flux of the cold shelf water. This model does not discriminate between ISW and HSSW.
[39] Finally, the transport of cold shelf water, F, is obtained from the flux vectors F n,j (2), thus
The summation in (3) goes over the number of current meter moorings and L j denotes the length of the section to be represented by that mooring. The values of L j are determined by the midpoints between moorings (Figure 6 ). The choice of the L j at the flanks is discussed below. The error bars on the transport calculations are related to the geometry of the plume and are additional to the standard errors of the time series of water velocity (see section 2).
Transport Estimate for the S-Section
[40] We estimate the northward transport of cold water at the sill of the Filchner Depression using the S-section data for 1985, when records from the S2 and the S3 moorings were available simultaneously. Data from the S2-mooring are also available for 1977 and 1987; see our remarks in section 3.5 on interannual variability.
[41] Figure 9 shows the extent of ISW, defined by the À1.9°C isotherm, from CTD measurements made along the S-section during several Antarctic summer cruises. These snapshots suggest that the border of cold water is located between the 400-and 500-m isobaths on the west side of the Filchner Depression and between the 500-and 600-m isobaths on the east side. We use these observations to determine the L 1 and L 2 parameters for the S-section (see Figure 9 and Table 4 ). Figure 9 gives the impression of a sloshing motion of the ISW in the Depression, that is, there The columns show: mooring name, instrument number, depth of instrument, distance of instrument above bottom, q w is the environmental potential temperature used for transport calculations, D denotes the thickness of the water column assigned to each instrument, F n is the flux vector according to equation (1), L is the distance assigned to each mooring and the transport is given in Sverdrup (10 6 m 3 s À1 ). is a tendency for the cold water to be located higher on the western side when it is lower on the eastern side, and vice versa. This implies a certain reduction of the combined error bounds on L 1 + L 2 , although this is not taken into account in the error estimates below.
[42] The data from the upper instrument (190 mab) on the S2 mooring show that about 15% of the measurements are below À1.9°C whereas at the instrument below (100 mab) 85% of the measurements are below À1.9°C. For the purposes of this calculation, therefore, we assume that the average position of the À1.9°C isotherm is around 145 mab. This position is in reasonable agreement with the CTD observations in Figure 9 .
[43] The two current meters at S3 are not sufficient to resolve the thickness of the cold-water layer at that site. From Figure 9 , however, it seems reasonable to assume the average thickness of ISW to be the same as at S2. To reflect this argument the upper instrument at S3 has been taken to represent a correspondingly thicker water column (see Table 4 ). Since the upper instrument at S2 shows smaller velocities than below it, this procedure might lead to a slight overestimate of the transport at S3.
[44] Using the above methodology, we estimate that the transport across the S-section (Table 4) during 1985 was 1.7 ± 0.5 Sv. The error estimate is related to the L j values on the flanks, the thickness allocated to the upper instrument and the standard error of the mean current.
Transport Estimate for the F-Section
[45] The in situ isopycnal lines (referenced to 650 m) at F1 are shown in the q-S plot in Figure 4a . It appears that ISW and its mixing products are usually denser than WDW and thus capable of sinking further down the continental slope. However, some of the cold, low salinity water at mooring F1 appears to be slightly lighter than the core of WDW. In order not to overestimate the contribution of cold shelf water at F1 we eliminate from the transport estimate all water appearing lighter than the core value of the WDW, $30.89 kg m À3 . Thus all observations having in situ densities less than 30.89 kg m À3 are excluded from the integration (2). This excludes 17% of the observations. The sensitivity of the choice for the limiting isopycnal was tested by bracketing the selection: choosing 30.88 kg m À3 and 30.90 kg m À3 results in excluding 7% and 24% of observations, respectively.
[46] As seen from Figure 2 and Table 2 , the velocities are very high at the F1 mooring. This implies that our calculation of cold-water flux using equation (3) is quite sensitive to the determination of the assigned cross-slope length L 1 . As mentioned above, the border of cold shelf water at the S-section was located between the 400-and 500-m isobaths. Since the flow on the shelf is so strongly controlled by topography, and since the distance between the shallow side of these two sections is rather short, we shall assume that the same borders apply to the S-and F-sections: i.e., since the out-flowing cold water resides over the 400-m isobath at the S-section, we assume that the edge of the cold water plume is near the 400-m isobath at the F-section. The consequent choices of L-values are shown in Figure 6 .
[47] With these choices (3) implies that the flux of À1.9°C water leaving the shelf through the F-section in 1998 was 1.5 ± 0.3 Sv (see Table 4 ). In addition to the standard error of the mean current (section 2) the largest components in the estimated error are the value of L1 and the choice of isopycnal determining the data points that contribute to the estimate of the F1 flux. Within the error bounds, the transport of ISW over the Filchner sill is the same as through the F-section, however flow rates are much higher in the latter section. The weak stratification suggests that most of the flow will follow lines of constant f/H: the acceleration arises because the isobaths converge dramatically between the sill and the F-section.
Production of WSBW
[48] Having computed the flux of cold (<À1.9°C) water leaving the shelf we may now estimate the rate of change of mass flux based on the observed hydrography. We assume that WDW is entrained into the cold plume and that no plume water is detrained into the overlying WDW. This assumption is supported by CTD measurements from the area over several field seasons (see, for example, the 1990 measurements shown in Figure 10 ). The general impression from CTD measurements, from the yearlong MicroCAT records shown in Figure 4 and from the potential temperature records from D1 (Figure 3 ) is that the cold shelf water sometimes reaches depths greater than 2000 m with little mixing with the overlying water.
[49] We denote the plume properties with the index p, the properties of the WDW with the index w and entrainment with the index e. As a result of entrainment of m e of the overlying WDW, a parcel of plume water m p increases its mass by dm p and its temperature by dq p . Continuity of heat and mass is then expressed by
where
In (5) the second order term will be neglected. The equation may then be integrated to obtain
(A similar equation applies based on the continuity of salt).
[50] Here index 0 and 1 refer to the initial and to the end state, respectively. The integral in (6) may easily be calculated by stepwise integration since the temperatures of the WDW and the plume are known (see Figure 10 ). Since the temperature of the WDW decreases with depth it follows that the production of deep-water is more efficient when the mixing takes place at large depths.
[51] Note that if q w is constant (6) takes the form
If all mixing did take place at 2000 m depth then Figure 10 gives q w as 0.0°C, q p,0 = À1.9°C, and q p,1 = À0.8°C. Thus we obtain m p,1 = 2.5 m p,0 , that is, the production of bottom water referenced to À0.8°C is 2.5 times the flux of cold water leaving the shelf. If the mixing took place at 3000 m depth, however, where q w = À0.2°C, we obtain m p,1 = 3m p,0 . Stepwise integration of (6) using values of q w from Figure 10 gives m p,1 = 2.7m p,0 . This compares well with model experiments by Killworth [1977] and Alendal et al. [1994] who found that the volume flux at 2000 m depth should increase by 2 to 3 times the initial value. In the following we apply the factor 2.7 to estimate the production of WSBW. In a recent theoretical study Holland et al. [2002] find that the volume flux should increase by a factor close to two due to mixing in a single strong hydraulic jump. When the effects of increased buoyancy due to thermobaricity, boundary layer mixing, and shear instability are considered, the factor 2.7 adopted above seem reasonable.
Discussion
[52] The broad picture that emerges from the data presented here is that large volumes of cold shelf water flow northward over the sill in the Filchner Depression and toward the continental shelf break. At moorings S2 and S3, located on Filchner Sill, the deepest instruments indicate pure ISW with very small temperature variance. The flow accelerates as it descends the upper slope, turns to the left (westward) under the influence of the Coriolis force and accelerates further as the continental slope from 400-700 m depth steepens (isobaths converge) between the Filchner Depression and the F-section. The further fate of the flow depends on both internal plume dynamics and the local forcing, such as the phase of time dependent phenomena like tides, shelf waves, the position of the Antarctic Slope Front, and weather forcing. Below we consider some factors that determine the pathways of cold shelf waters entering the deep Weddell Sea circulation.
Short-Term Variability
[53] The B1, B2 and B3 records were discussed by Foldvik et al. [1985b] who noted the exceptionally strong diurnal tidal currents near the shelf break. Tides in the area are also discussed by Middelton et al. [1987] , Foldvik et al. [1990] , Robertson et al. [1998] and Padman and Kottmeier [2000] . In addition to the strong tidal regime we observe marked wave disturbances at lower frequency on the slope. Figures 11a and 11b show 10-and 12-day segments of the de-tided current meter records from the F1 and F4 moorings, respectively. At F1 the average current dominates and has wave disturbances superimposed. At F4 the mean current is weaker and the flow is dominated by strong shelf waves with periods of $3 -6 days. Such waves may cause cross-slope advection and thus be important for the fate of the cold plumes. The structure of low-frequency (weather band) shelf waves on the southern Weddell Sea continental slope was discussed by Middelton et al. [1982] , while Foster et al. [1987] discussed the potential role of these waves on water mass transformation along the shelf break.
Comments on Plume Dynamics
[54] The frequency of ISW at the F1, F2, F3 and F4 moorings, defined by the relative number of observations of potential temperature below the surface freezing point, is 8%, 27%, 28% and 1%, respectively. These observations are consistent with ISW flowing over the sill and being turned westward by the Coriolis force. They also show that the coldest plumes rapidly advance down, as well as along the slope.
[55] There are two main dynamical reasons why the cold plumes occasionally may reach the deepest current meter sites (F4 and D1) without significant water mass modification. First, the decrease in buoyancy as a result of mixing is counteracted by the thermobaric effect [Killworth, 1977] , that is, the increase in density with increasing pressure is larger in the cold plumes than in the adjacent WDW. This effect is clearly revealed by comparing the MicroCAT plots in Figure 4 , where the density contrast between the WDW and the bulk of the ISW is seen to increase with depth. Second, from density profiles calculated from CTD measurements we may estimate the phase speed, c = p (g 0 H), for long waves at the ISW-WDW interface. Here H denotes the thickness of the plume, g 0 = gÁr/r is the reduced gravity and Ár/r denotes the interfacial relative density anomaly. We find maximum phase speeds of about 0.4 m s
À1
, obtained for a plume thickness 200 m (indicated by the cold water events in Figure 5 ) and interfacial relative density anomaly of 1.0 Â 10 À4 kg m À3 (as defined by the typical difference between observed density and the WDW density in Figure 4) . In Figure 12 we show the joint distribution of q and |U| near the sea-bed at 4 moorings, F1, F2, D2 and D1. Depending on the actual thickness of the plume, the distribution of |U| suggests that at each site, the flow is supercritical (that is, the plume speed is larger than the internal phase speed) for some fraction of each total record. For supercritical flows, resonance waves (lee waves) do not form. Thus the associated mesoscale mixing behind irregularities in the bottom topography is strongly reduced [Long, 1954] . These dense plumes may therefore reach great depths with little mixing and much reduced friction. The strong correlation between high speed and low temperature at D1 and D2 (Figure 12 ) supports our view of the efficiency of this mechanism.
Supercritical Flows and Mixing
[56] On the continental slope the overflowing shelf waters may attain supercritical speed as a result of flow convergence and/or down-slope buoyancy forcing aided by thermobaricity. Flow convergence accelerates the entire water column and does not discriminate between water types, whereas down-slope buoyancy forcing aided by thermobaricity acts only on the cold plumes. This is clearly demonstrated in the potential temperature-speed plots in Figure 12 where a strong correlation is clearly visible between high speed and low temperatures at moorings D1 and D2, but not at moorings F1 and F2. The transition to sub-critical speed takes place when the slope becomes less steep and may be accompanied by violent mixing associated with a hydraulic jump, [Long, 1954; Holland et al., 2002] .
[57] The average speed at F1 is very high (45 cm s
À1
) and much of the flow at F1 is believed to be supercritical. At mooring F the speed is reduced but still high (20 cm s À1 ) whereas at the B-moorings the speed is low (6 cm s
). These differences seem to be governed by isobath divergence (Figure 2 ). The temperature distribution at F1 is quite different from that at the S-moorings (Figure 3 ). The variance is large, with a sharp lower cutoff at À2.0°C determined by the parent ISW, and a potential temperature maximum (0.5°C at 10 mab) determined by the temperature of the overlying WDW/ MWDW. The temperature distributions at the F-mooring (only 32 days long) and the B-moorings are entirely different to that from F1. The lower cut-off is absent, the frequency distribution is nearly bell-shaped and the mean temperature is close to À1.0°C. Since much of the flow changes from supercritical to sub-critical between F1 and the F we believe that this shift in temperature distribution accomplished over such a very short distance ($20 nm) is mostly due to mixing by hydraulic jumps. Such mixing of plume water with overlying WDW will systematically increase the temperature of the water samples, as observed. Cross-slope advection may also affect the temperature distributions, but cross-slope advection of (sharp) frontal gradients tends to produce a two-peak distribution with upper and lower cut-offs.
[58] The C-mooring on the nearby shelf ( Figure 2 ) yielded a temperature distribution (Figure 3 ) with a sharp lower cut-off and a mean potential temperature close to À1.5°C. This is shelf water, WW or HSSW with a minor contribution of ISW, and does not reveal the same mixing history as that at the neighboring F-and the B-moorings.
[59] Much of the overflow descends as bottom-trapped cold plumes east of $37°W. The highest fraction of ISW Figure 12 . Scatter plots of potential potential temperature versus speed for selected current-meter records close to the bottom. See Figure 1b and Table 2 for locations and details.
is found in the F-section at moorings F2 and F3, that is, between the $1200-and $1600-m isobaths (see Figure 6) , with an average potential temperature of À1.67°C and À1.52°C, respectively. At the continental slope east of 38°W the variability of currents and temperature is high (Table 2 and Figures 3, 11 and 12 ). The temperature distributions at F2 and F3 show a sharp lower cut-off set by the temperature of the ISW at the sill, but no clear upper cut-off at the temperature of the WDW. This indicates that very little mixing has taken place between the plume and the overlying water during the journey from the sill to the F2-and F3-moorings. As discussed in section 6.2, a low level of mixing is consistent with the suppression of resonance wave-induced meso-scale mixing in the often-supercritical flow observed at F2 and F3 (Figure 12) . West of the F-section the cold flow encounters rough topography, including two prominent ridges. On the basis of the map in Figure 2 we anticipate that most of the flow passing between F2 and F3 will be steered by the ridge between 38°W and 37°W. On the western side of that ridge the topography appears less steep and a transition from supercritical to sub-critical flow is likely, with consequent mixing in hydraulic jumps. Mooring A is located near the 2000-m isobath and $100 km downstream from F2-F3. Temperatures recorded at this mooring are consistent with the above picture, indicating only the product of mixing between WDW and ISW, and not the parent water masses themselves (Figure 3) . The cold plume therefore never reaches this location. At mooring A the water is well mixed with an average potential temperature of À1.37°C at 25 mab and only slightly higher (À1.25°C) at 125 mab. The temperature distribution at A is the signature of a new boundary layer water mass: Newly Formed WSBW, produced by mixing of cold shelf water plumes (ISW/ HSSW) and warmer WDW. Since there is no sign of WDW at the upper instrument (125 mab) the average thickness of this boundary layer must be well above 125 m, say $200 m thick. The width of the layer must be larger than the horizontal excursion from shelf waves, on the order of 70 km in the example in Figure 11b . At an average speed of $9 cm s À1 , the above figures indicate a transport within this boundary layer of $0.8 Sv when referenced to À1.9°C.
[60] The high north-eastward mean speed at mooring D1 (see Figure 2) is surprising, given its proximity to mooring F4 which has a much weaker mean flow. The ridge extending across the slope near 36°W (see Figure 2 ) must play a major role in steering this benthic flow. On the basis of local topography, CTD observations and observed velocities (Table 2) we have estimated the volume transport at D1 to be $0.2 Sv. The bell-shaped temperature distribution at D1 is similar to that at F and B1-3 which we attributed to mixing during hydraulic jumps. However, a large portion of the observations at D1 show supercritical flow which may indicate the subsequent acceleration by flow convergence as the flow encountered the ridge at 36°W. The temperature distribution at mooring D2 shows clear upper and lower cutoffs set by the temperatures of WDW and ISW, respectively. The minimum separating the two peaks in Figure 3 suggests that little mixing has taken place. The average potential temperature at D2 (À0.47°C) is higher than at D1 (À1.10°C), indicating that the flow at D2 has a lower contribution from cold plumes. This suggests that the location of mooring D2 is near the deep limit for cold plumes on the slope.
Plume Pathways
[61] On the basis of the above interpretation of observations we have identified three pathways for the Filchner Overflow (FO) waters (Figure 1b) :
[62] The FO1 path involves flow crossing the F-section near mooring F1 and being constrained to flow along the shelf break and upper slope. The FO1 plume is presumably located slightly down-slope of the F-and B1-B3 moorings and was detected by the dense network of five CTD sections covering the shelf and slope between 37°W and 40°W . These sections show cold water ($À1°C) centred on the slope, located between approximately 600 and 800 m depth. Presumably, the water in FO1 will continue westward in quasi-geostrophic balance with only a slow down-slope migration.
[63] The FO2 path is taken by cold plumes crossing the F-section in the area of F2 and F3 and arriving in the area of the mooring A as a well-mixed boundary layer water mass. FO2 appears in the CTD section reported by Foster and Carmack [1976] as a distinct, cold (<À0.8°C) layer located between 2000 m and 3500 m depth. FO2 also appears in all five CTD sections reported by Foster et al. [1987] as a cold, low salinity boundary current located around 2000 m depth. Like FO1, the well-mixed FO2 waters may continue westward in quasi-geostrophic balance, only slowly increasing in depth.
[64] The FO3 path is represented by the high speed current at mooring D1, directed toward the NE by the ridge close to 36°W (Figure 2 ). Since the flow at D1 is partly supercritical further strong mixing must be expected downstream as the slope becomes less steep.
[65] The width of the arrows in Figure 1b is not indicative of the relative strength of these currents, although the volume flux of FO3 is probably the smallest. The high variability on the slope implies variability in the location of these pathways (see also the CTD sections of Foster et al. [1987] ). In addition to the pathways identified above (and possibly others that have escaped our sparse network of instruments) an Ekman mass flux is directed downslope in the benthic layer, aided by thermobaricity. This thin, cold, bottom layer is observed in almost every CTD cast in the overflow area in which the instrument is lowered close to the sea floor. Tanaka and Akitomo [2000] find that the Ekman transport in the Weddell Sea contributes $1 Sv to the formation rate of WSBW.
[66] The above interpretation of currents suggests that the ultimate fate of cold shelf waters emanating from the Filchner Depression depends upon the depth that the plume reaches shortly after crossing the sill. This in turn depends on such factors as the location (depth) the plume crosses the sill, high-frequency variability due to tidal motion, shelf waves and instabilities in the Antarctic Slope Front. Processes such as these are able to advect fluid parcels across a wide range of depths, so that the flow of ISW may quickly be switched between a ''shelfbreak'' path and a mid-slope path. Once advected to a critical depth on the slope thermobaricity takes hold and an ISW parcel is unable to return. The possibility that high-frequency processes determine the fate of ISW suggests that ISW ''plumes'' may be better considered as variable streams of ISW filaments or eddies. If this is the case, simple steady state models of plumes [e.g., Killworth, 1977] may not correctly represent the pathways and mixing of shelf-derived cold water.
Transport of Cold Shelf Water
[67] The calculated transport of cold shelf water crossing the S-section (Figure 9 ), 1.7 ± 0.5 Sv, is not significantly different from the 1.5 ± 0.3 Sv calculated for the F-section (Figure 6 ). The agreement between these estimates is remarkable considering they have been obtained for different sections and for different years. The implications of this agreement are firstly, that all the water leaving the sill (via the S-section) later passes through the F-section, none passing higher or lower on the slope, and second, that the transport has not changed significantly over the 13-years that separated the S-and F-section deployments. A large fraction of the overflow at the Filchner Sill originates as HSSW formed north of Ronne Ice Front (Figure 1 ) and flows around Berkner Island before arriving at the sill of the Filchner Depression [Foldvik et al., 2001; Nicholls et al., 2001] . Data from moorings installed beneath the ice shelf at the southern tip of Berkner Island indicate large interannual variability in the flow, which could lead to a similar signal in the overflow [Nicholls and Østerhus, 2003] . A major geophysical event occurred in the Filchner Depression in August 1986, between the two S2 deployments in 1985 and 1987. Giant icebergs broke away from Filchner Ice Shelf and subsequently grounded north of Berkner Island. Some change in the outflow would therefore be expected between 1985 [Nøst and Østerhus, 1998 Grosfeld et al., 2001] . However, as discussed in section 3.5 the estimated fluxes for 1985 and 1987 agree within the error bounds. We are not able to detect significant inter annual variations in the outflow.
[68] We conclude that the volume transport of the cold (À1.9°C) shelf water plume leaving the area of the Filchner Depression in the southern Weddell Sea is F ¼ 1:6 AE 0:5Sv:
6.6. Production of WSBW [69] Production of WSBW by mixing cold and dense shelf waters (ISW) with overlying WDW was discussed in section 5. From (8), and using the conversion factor of 2.7 found in section 5, the production of newly formed WSBW, referenced to À0.8°C, becomes:
[70] Table 5 lists estimates of WSBW production rates obtained by different authors using widely different approaches. Our estimate lies near the upper end of previously published assessments.
[71] Our estimate of the formation rate of WSBW is a lower bound on the rate of production from the region as a whole, as it does not account for sources other than the Filchner outflow (for example, shelves in the western Weddell Sea) [Gordon et al., 1993] . We assume, however, that the FO1 plume identified at $40°W and at 600 -800 m depth descends slowly along the western continental margin and therefore is likely to cross the section with long term moorings on the continental slope off the Antarctic Peninsula where a transport of WSBW of 1.3 ± 0.4 Sv was estimated by . Also, the FO1 is likely to cross from west to east the track of Ice Station Weddell [Muench and Gordon, 1995] , consistent with the observations and analysis of Weppernig et al. [1996] . Some of the 2-3 Sv of newly formed WSBW detected at the drifting station might therefore originate in the Filchner area.
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